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1. BACKGROUND .$!ID PURPOSE

The reliability of onsite emergency alternating current (at) power supplies

is a major factor in assuring acceptable safety at light-water-cooled nuclear power

plants. The risk of severe core damage during station blackout accidents at a

given plant is minimized if the reliability of the emergency diesel generators

(EDGs) is maifitained at a sufficiently high level.

The Nuclear Regulato~ Commission’s (NRC’s) existing regulations

(General Design Criteria 17 and 18, 10 CFR Part 50, Appendix A) establish

requirements for the design and testing of both off site and onsite electric power

systems. These requirements are intended to reduce the probability of losing all

ac power.

The NRC guidance for EDG selection, design, qualification and testing is

current!y provided in three documents: (1) Regulatory Guide 1.9, Revision 2, (2)

Regulatoy Guide 1.108, Revision 1, and (3) Generic Letter 84-15. The NRC has

determined that an amendment to 10 CFR 50.63, “Station Blackout,” is the

appropriate means for imposing new requirements regarding EDG reliability,

This amendment w~wld require licensees to test and monitor EDG reliability

against pedormance-b%ed criteria that indicate possible degradation from the

EDG target reliability Ieve’s selected in accordance with specified station blackout

duration. The amended rubs would be accompanied by & corresponding revised

Regulatory Guide 1.9, Revisio)l 32.



In addition to EDG suweillance testing to start and load-run (as discussed

in Ref. [2]), unplanned starts and load-runs will sometimes occur during normal

aerations. The combination of at least monthly suweillance tests and unplanned

EDG start and load-run demands provide the necessary data for EDG

performance-based monitoring.

The proposed rule and regulatory guide consists of the following

fundamental eler,lents: (1) establishment of EDG target reliability levels that would

comport with the reliability levels assumed in a licensee’s coping analysis for

station blackout; (2) trigger values with respect to EDG failures to stad and load-

run which serve two purposes -- to provide a warning of EDG degradation, and to

provide a basis for taking regulatory action when there is reasonable evidence

from suweiliance testing that EDG reliability has degraded below the selected

target values; and (3) a repofiing regime for EDG failures consistent with this

petiormance-based approach.

The overall goal Is to develop a method that maximizes the probability of

detecting a significant decrease in EDG reliability while minimizing the probability

of indicating a decrease when none has actually occurred (a false alarm). It is

recognized that these me competing requirements,

In order to comply with 10 CFR 50.63, the minimum EDG reliability should

be targeted at either 0,95 or 0.975 per nuclear unit consistent with the reliability

levels assumed in the coping analysis for station blackout. The target reliability

selected is denoted as RT. In conformance with this selection, the proposed rule

uses the following three criteria:
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EARLY WARNING: If there are three failures in the last 20
demands for either an individual EDG or for all EDGs
assigned tc a nuclear unit, this is an early indicator of
deterioration of EDG reliability. The NRC is to be notified, in
writing, within 3C days of reaching the failure condition stating
the cause(s) for this condition and providing the EDG failure
history for the nuclear unit within the last 100 de~llands.

PROBLEM DIESEL: If there are 4 failures in the last 25
demands of an EDG, this is further indication of EDG
reliability deterioration. Following corrective action, this EDG
is to be subjected to accelerated testing per Regulatory Guide
1,9, Revision 3, to demonstrate effectiveness of corrective
actions (i.e., 7 consecutive failure-free tests). A written report
to the NRC is required within 30 days of reaching the failure
condition, describing corrective actions, stating the cause(s)
for this condition and providing the EDG failure histo~ for the
nuclear unit within the last 100 demands.

DOUBLE TRIGGER: [f there a{e 5 failures within the last 50
demands and 8 failures within the last 100 demands (nuclear
unit RT = 0,95), or 4 failures within the last 50 demands and 5
failures within the last 100 demands (nuclear unit RT =
0,975), then this is reasonable evidence that the EDG
reliability level has degraded b610w the seiected target. This
condition constitutes non-compliance with the proposed rule
($50.63(a)).

For convenience, the enrly warning criterion will be denoted simply as 3/20,

which we read as “3 failures in the last 20 demands.” Similarly, the problem diesel

criterion will be indicated as 4/25, while the double trigger criteria will be denoted

as 5/50 and 8/100 or 4/50 and 5/100, respectively. In remaining sections of this

report we wIII subsequently also refer to these criteria as the proposed triggers,

whch we often abbreviate simply (particularly in legends of graphs) as the

proposed procedure.

WQ note here that these proposed triggers are so-called fixed sample-size

triggers In that the number of prior demands is precisely !dentified as an integral
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part of the stated trigger procedures (e.g., 20, 25, 50, or 100 demands). Such

triggers contrast with so-called variable sample-size triggers in which the precise

number of demands given a Vigger condition is not known in advance. The

alternative !riggers described in Section 3 are of the variable sample-size type.

The purpose of this report is to assess the performance of the proposed

triggers in a simulated operational environment and to describe and evaluate an

alternative trigger procedure which improves the detection of E13G reliability

degradation without increasing false alarms. In addition, this alternative trigger

procedure is just as practical for use by licensees as the proposed triggers.

Section 2 describes the Monte Carlo simulation used to assess the

performarne of both procedures. The alternative trigger procedure is described in

Section 3, and performance comparisons of both procedures are discussed in

Section 4. Section 5 presents our conclusions from the study.



2. MONTE CARLO SIMULATION
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We developed a Monte Carlo simulation for use in examining the

performance of the proposed and alternative trigger procedures in a simulated

use environment. Thg computer program was written in standard FORTRAN 77

and executed on both a Sun wor+wtation using a SunOS operahng system under

a Sun FORTRAN compiler and a Macintosh Ilfx using System 6.0.7 unoer an

Absoft MacFortran/020 compiler.

2.1 munmlQs

For this initial simulation, we assumed 2 EDGs per nuclear unit, in which

aach EDG is routinely tested monthly and alternately from month-to-month. We

also assurl~ed that the monthly Bernoulli tests were conditionally independent of

each other given the underlying reliability of each diesel. The target reliabilities

wore further assumed to apply to the average unit EDG reliabilities.

The proposed trigger values were applied as follows:

Trigger Applies To

Early Warning (3/20) Individual and all EDGs

Problem Diesel (4/25) Individual EDGs

Double (5/50 and 8/1 00) or (4/50 and 5/100) All EDGs

Thus, the earfy warning trigger is applied in three separate ways: to the test

data for each individual diesel and the combined test data from both diesels, The

problem diesel trigger is applied separately to the test data for each individual
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@Jsel, while the double trigger is applied only to the combined test data from both

diesels.

Following a problem diesel trigger, the corresponding EDG is subjected to

confirmatory accelerated testing until there are 7 consecutive failure-free tests

prior to the next routine test on the diesel. All test results, including the

confirmatory test results following a problem diesel trigger, are counted for the

triggers.

Because we are interested in the length of time to first detect an EDG

cfegraded reliability condition [the number of months that elapse before the

degraded condition is first detected by the appropriate trigger(s)~, we did not

model the improvement in EDG reliability that the confirmatory testing is designed

to produce. In other words, the confirmato~ testing until 7 consecutive failure-free

tests are obtained was performed under the same degraded EC?G reliability

condition that triggered the problem diesel condition in the first place. This was

done in order to examine the performance of the double trigger in detecting EDG

degradation which has not been corrected.

Each simulation replication consists of a maximum of 500 routine monthly

tests on each diesel. Generally, we found that 500 tests are quite sufficient to first

detect the levels of degradation we are interested in, including spurious false

alarm detections in which no degradation has occurred.

Each replication continues until the desired triggers of interest have each

occurred for the first time after which the current replication is terminated and a

new replication is begun. For example, for a given EDG reliability level, if all three

triggem are of interest, the firs! early warning condition may occur at month 5, the

first problem diesel condition at month 11, and the first double trigger at month 17.
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These values would be recorded for the corresponding triggers for this replication,

atter which a new replication begins.

For purposes of initializing the proposed triggers, each diesel is tested for

100 months (prior to month 1) at some specified initial reliability level, which we

denote by RI, which is taken to be the same for each diesel. Although 100 months

is sufficient, this value may be changed as an input parameter for a given “run” of

the computer program. Typical values used for RI are 0.95, 0.975, and 0.99. The

initial values of 0.95 and 0.975 correspond to the target reliability levels, while

0.99 roughly corresponds to the industry average EDG reliability to start and

accept load upon demand.

The EDG degradation (the “shift” in reliability) for both diesels is

programmed to occur at a specified month Ms. This value is likewise an input

parameter for a given computer run. The program is written such that neither, one,

or both EDGs experience a degradation in reliability at month Ms. A “two-diesel

shift” occurs when the reliability of both diesels has shifted from their initial value,

while a ‘single-diesel shift” occurs when the reliability of only one diesel has

shifted. The reliability of bth EDGs from month 1 through month MS-I is assumed

to be equal to the specified initial reliability RI.

The simulation was conducted using 10,000 replications. The

corresponding sampling error was observed io be less than or equal to 0.01 for all

probability calculations. For example, if the probability of detecting a shift in EDG

reliability of a given magnitude by a certain number of months was calculated to

be, say, 0.76, changing only the random number seed could change this

computed output value by as much as 0.01 (between 0.77 and 0.79). This error is

acceptably small; thus, 10,000 replications are sufficient.
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As mentioned above, foreactl replication we are interested in obseming

the first month after the EDG reliability degradation occurs in which the desired

trigger condition(s) exist. We calculate and save the corresponding number of

months af+er the shift occurs.

For example, suppose that MS = 20; then, for a given trigger of interest,

suppose that we have the following situation’

Rep 1: Obsewe month 25-> Save 25-20 + 1 = 6 months
Rep 2: Obsewe month 23-> Save 23-20 + 1 = 4 months

●

●

Rip 10,000: Observe month 27-> Save 27-20 + 1 = 8 months

Because we are interested in rapidly detecting EDG reliabilityy degradation,

the appropriate random variable (rv) of interest is the number of months to first

detect the degradation. On a given run of the computer program, we have 10,000

empirical obsewations of this rv from which we compute moments and quantiles

of the distribution of this m. We c~mpute the sample mean, standard deviation,

skewness, and kurtosis of this w. Also, we compute selected quantiles using

s~andard nonparametric techniques,

In this study, we are interested in the uncertainty inherent in detecting a

given EDG reliability degradation and are not interested in simply thg average (or

mean) performance, such as the average number of months to detect a shift of a

given magnitude. Thus, we compute the cumulative probabilities of detecting the

degradation for a specified desired vector of months (as input to a given computer

run), Because we are interested in studying rapid detection of degradation, we

commonly specify 25 months; namely, months 1 through 15, 20, 25, 30, 35, 40,
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45, 50, 60, 75, and 100. We then calculate the cumulative probability of detedion

for each of these specified months by counting the fraction of the 10,000

replications in which the first detection occurred no later than the specified month

(i.e., by the desired month or earlier).

For example, suppose that we are interested in calculating the cumulative

probability of detection (of a specified shitt for a given trigger) at month 10, say.

We count the total number of the 10,000 replications in which the first detection of

this shift has been by month 10 (any month 1 through 10). For our example,

suppose that this total is found to be 8,100. The point estimate of the desired

cumulative probability is then simply this accumulated total divided by 10,000, and

this would be repotted as the cumulative probability of detecting the shift at month

10, In our case this probability is estimated to be 8,100/10,000 = 0.81.

We then plot these cumulative probabilities for each of the desired months

to form a cumulative probability distribution associated with the w months to first

detection after the shift occurs, or, more simply, months after shift occurs.

Section 4 contains many plots of such distnb~,[ions, It is these cumulative

probability of detection distribt I*!ons which we will consider when we compare the

performance of the alternative trigger procedure in Section 3 to the proposed

trigger.

Appendix A contains a sample output from one run of the Monte Carlo

simulation program described above.

The reliability of the Monte Carlo simulation program fcr estimating EDG

cumulative probabilities of detection is assured by comparison with limited results
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for the proposed triggers given by Lofigren and Gregory4 of Science Applications

International Corporation (SAIC). Reference [4] contains the results of analyses

directed at assessing the statistical performance characteristics of many different

fixed sample-size trigger procedures similar to the proposed triggers. Only a

single EDG is considered and the only cumulative probability of detection results

presented in Ref. [4] are for the probability of detection at 50 demands.

Figure 1 gives the results for the comparative probability of detection by 50

months atter the shift occurs from our Los Alamos National Laboratory (LANL)

analysis and that of SAIC for the case of a single EDG. The results are plotted as

a function of the EDG reliability degradation from RI of 0.95 to level R given by the

abscissa of the graph. A target reliability RT = 0.95 is assumed. Results are

provided for the corresponding early warning (3/20), problem diesel (4/25), and

double (5/50 and 8/1 00) triggers. The corresponding results agree fairly well, the

obsewed differences perhaps due to such things as the initialization procedure

used and the role and use of confirmato~ test resutts following a problem diesel

condition. Based on these and similar other comparisons with Ref. [4], we

conclude that the simulation program is reliably performing as intended.
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The performance of the proposed triggers is quite sensitive to the initial

reliability RI prior to degradation. This is illustrated in Fig, 2 in which we have

plotted the cumulative probability of detecting a two-diesel shift to reliability R =

90% when using the proposed 5/50 and 8/100 double trigger, for three different

values of RI, as a function of the number of months after the shift occurs. A target

reliability RT = 0,95 is aluo assumed. We observe that these probabilities are quite

sensitive to the value of RI. The detection probabilities are inversely proportional

to RI. Small values of RI yi~ld the largest detection probabilities because, in this

case, there are more failures in the initial test data prior to the degradation thus

allowing the double trigger condition to be more rapidiy satisfied once the

degradation occurs. A similar situation exists for the other proposed triggers as

well.

it would be more desirable if the detection probabilities were less

dependent on RI. In this case the pformance would be more uniform in industry-

wide implementation cf the triggers per the proposed ruie. This shortcoming couid

be avoided oy using a trigger procedure that doesn’t automatically extend as far

back in time. The question then becomes: Is there a trigger procedure which

periodically recycles (i.e., resets, restarts, or reinitialize!,) in the sense that , once

recycling occurs, all the past performance data are ignored and the tri~ger

statistics rwgln anew? The answer is affirmative, as we wiii now see.

We also note that these alternative triggers generaliy havo higher

probabilities of more rapidiy detecting degradation in EDG reliability without

increasing the false alarm rates, Also, we wiil see tht.~ they are just as easy to use

as the proposed triggers.
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Martz5 discussed the advantages and disadvantages of several alternative

trigger procedures, A procedure first proposed by Wald6was ranked by Martzas

a potentially more powerful leading contender to the proposed triggers.

Wald deveioped the notion and use of item-by-item sequential sampling

based on the sequential probability ratio test (SPRT). It is well known that the use

of these variable sample-size plans usually require less sampling for the same

protection probabilities than corresponding fixed sample-size plans. In the EDG

context considered here, this statement equates to more rapid anticipated

detection of EDG reliability degradation than that of the proposed triggers.

Vesely et a17 also developed an SPRT approach for monitoring component

failure rates in nuclear power plants. Based on Monte Carlo simulation, they

concluded that SPRT-based procedures can be quit~ effective in detecting

unacceptably high component failure rates or unacceptable increases (shifts) in

the failure rate, While their procedure is similar to the approach we consider here,

it differs in two important aspects: (1) they use a more complicated set of criteria

for establishing their control limits; and (2) they graphically implement their

procedure in the form of a control chart, while we choose a simple tabular format.

The SPRT procedure was initially developed for lot-by-lot acceptance

sampling, in which lots of some product are submitted to item-by-item sequential

sampling. If the accumulated number of defective Items in a sequential sumple of

size n exceeds a stated upper rejection limit, then the entire lot is rejected as

having a defect (or failure) rate that is unacceptably large. On the other hand, If

the accumulated number of defective Items falls below a stat6d acceptance limit,

then the entire lot is accepted as having a defect rate thd Is acceptably small, The

acceptance and rejection Iimlts are calculated by sp~citying four parameters
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which together determine a pair of desired risk criteria -- the so-called consumer

and producer risks.

The performance-based statistic required for using these SPRT triggers is

the cumulative (or total) ~umber of EDG failures in n tests (or demands) as n

increases month-to-month.

In the case of EDG testiilg, we have a continuous process as the data

become continually available; thus, the notion and use of “lots”, as required by

Waid, is not present. In this case, the SPRT procedure can be modified in a

straightforward way to incorporate recyc!ing (restaffing, re initialization, or

resetting) as discussed by Lorden and Eisenberge#. The SPRT, when used with

recycling, is similar to CUSUM testing, aithough the resutting control charl can be

much different (Van Dobben de Bruyn9 and Lucasl ‘).

Recycling is a simple notion, Suppose that a lower acceptance limit has

been established. If the cumulative number of EDG failures falls on or below this

limit at some month N, say, then at month N + 1 the entire procedure is recycled.

By recycling we mean that the SPRT procedure stafis anew at mGl:th N + 1 as

though month N + 1 is now month “1”. Correspondingly, the cumulative numtwr of

failures is also reset to zero after month N, This notion will beconie more clear

when we present and discuss the implementation of the specific bPRT tri~gws

Because of our particular notion and use of this lower limit as a recyclino trigger,

as opposed to an acceptable lot quality limit, we refer to the Icwer SPRT

acceptance Ilmlt as the rocycllng Iimlt,

on the other hand, if the cumulative numlwr of ED(3 failures fails on or

above the upper rejection limit, then tho [rigger condition is said to exist, thereby

indicating a degradation In EDG reliability, For .xample, as for the proposed

procedure, the SPRT early warning trigger procedure is used in conjunction with
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the test and operational data for each diesel separately as well as for the

combined data. If the cumulative number of failures falls on or above [he upper

rejection limit for one or more of these early warning triggers, this is taken as an

early warning indication that EDG degradation has occurred. In our particular

EDG application of the SPRT procedure, we refer to the upper rejection limit as

the detection IImlt, as it is this limit which indicates that a degradation in EDG

reliability has in fact occurred.

The SPRT limits are determined based on four specified parameters -- a,

P, Po!and PI. In the original Wald development, the a and ~ parameters represent

Type I and Type II statistical errors, respectively, while POand PI represent the

quality levels (in terms of lot fraction defective) at which the Type I and Type II

errors occur. Thus, PO is an acceptable quality level for which lots are to be

~ccepted, while PI is an unacceptable quatlty level at which lots are to be

rejected, It is thus required that pl must be larger than PO.The pair (a, PO)defines

the so-called producer’s risk point and the pair (~, P1) defines the so-called

consumer’s risk point on the aperating characteristic (OC) curve. However,

because of the use of combination plans along with recyciing, these designations

no ionger hoid, and the four parameters no ionger havo this simpie interpretation,

Thus, we treat the four parametem as simpiy that -. tour parameters that we must

specify in order to define the SPRT procedure without any particular

interpretation being attached to ihese parameters.

For the four specified parameters (a, P, PO,PI), the SPRT detection and

recyciing iimits ~re qiven by

DETECTiON LIMIT: D = A + Dn
RECYCLiNG LiMiT: R = ; + En

(1)
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where

U = In[pl(l-pO)]

V = In[pdl-pi)]

G- U-V

A = In[(l -~~a~G

B = 1~(1-poMl-pI)~G

C = ln[~il-a)~G

(2)

and where n denotes the number of EDG tests.

To illustrate tt’is procedure, considor the SPRT problem diesel trigger, By

employing the philosophy discussed below, the four specified parameters are

found to be a = 0.05, ~ = 0,38, po = 0.05, and PI = 0.20. ~rom (1) and (2) , the

corresponding detection and recycling limits are given by D - 1.6158 + 0,1103n

and R = -0.588 + 0.1 103n, respectively. These limits are plotted in Fig. 3.

By using these limit equations, it is much simpler to implement the SPRT

procedure by constructing a table of the detemion and recycling values as a

function of n over an appropriately large range of n. We have done this in Table 1

which is used as follows. If the cumulative n~’mber of failures In n tests Is equal to

or greater than the correspoi~ding value in the column labeled D (for Detwtlon),

then a problem diesel condition is declared for the EDG for which the data apply

and the SPRT procedure would be recycled at the next scheduled monthly test, If

the cumulative number of failures in n tests equals or is less than or equal to the

corresponding value in tho column labeled R (for Recycling), then the procedure

would simply be recycled at the next scheduled monthly test with rm associated

EDG declaration being made. It the cumulative number of failures In n tests MIs

within the D and R values, the SPRT procedure would Iikowise make no

declaration (insufficient evidence for either a problem diesel condition or for
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recycling) and the procedure would simply continue by fufiher accumulating next

month’s test results and comparing the new accumulated failure total to the tabled

values at n+l.

We observe in Table 1 that detection of a problem diesel condition requires

at least 2 EDG tests on a given diesel in which both tests are failures, There are,

of course, many other pathways in which detection can occur. We also obsewe

that recycling req ‘ires at least 6 EDG tests on a given diesel in which there are no

faiiures. Although they do not affect the implementation of the SPRT trigger

procedure, many of the values reported in Table 1 are superfluous. For example,

it is not possible to recycle the procedure at n = 7 with O failures because the

procedure will already have recycled at n =6.

The confirmatory tests are not considered in the proposed SPRT

procedures as 7 consecutive failures will often lee~ to recycling anyway. Thus,

following a p~oblem diesel condition, the accelerated test results are not

considered in any of the proposed SPRT procedures and, if such testing is to

remain a part of the proposed rule, the confirmato~ test results are only

exogenously used to ensure that a degraded EDQ condition has been corrected.

The philosophy used to determine the SPRT tdggers is as follows, Recall

that the detection probabllitios associated with the proposed triggers vary

according to RI. We choose to determine SPRT triggers (using Monte Carlo

simulation as the appropriate tool) that closely match the two-diesel degradation

false alarm distribution associated with the corresponding worse-case proposed

trigger procedure, Recall from Fig 2 that the highest false alarm probabilities

occur for the smallest feasible value of RI, i.e,, when RI Is equal to the target

reliability, Thus, we choose to match the false alarm distribution for two-diesel

degradation when RI is equal to the target reli~bllity. This method assumes thnt
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the worse-case false alarm distributions associated with the proposed triggers are

acceptably small and ensures that the SPRT triggers will not exceed the false

alarm distributions of the proposed triggers. The required fmlr parameters are

found by a direct search method by observing the output cumulative detection

probability distributions from the Monte Carlo program. It is hoped that the

probability of rapidly detecticg actual reliability degradation using the SPRT

triggers will exceed that of the proposed triggers, That this is indeed the case will

now be illustrated.

Figure 4 illustrates the comparative performance of both problem diesel

trigger procedures for the case when R = 950/0 (false alarm detection probability

distributions) and when R = 8C)”/0(significant degradation of EDG reliability) when

both diesels degrade to these levels perhaps due to some common cause, When

RI is 0,95, we obsewe the close match in the false alarm distributions as desired,

Although only 35 months of data are displayed in Fig, 4, the false alarm

distributions continue to match through 100 months after the shift occurs.

However, in this case, note that the SPRT procedure has higher probabilities of

more rapid:; detecting the shifi In reliability to R = 800/’ than the proposed trigger,

When RI is 0.99 (closer to the industry average), the proposed trigger has

significantly smal16r false alarm probabilities and significantly smaller probabilities

of rapidly detecting the shift to R = 80°/0 than the corresponding SPRT procedure,

Note that the performance of the SPRT trigger Is less sensitive to the initial

reliability as clalmed earfier,

Applying this same philosophy in conjunction with (1) and (2) yields the

following SPRT tr!gger parameters:



19

f

Trigger a P PO PI A B c

Early Warning 0.15 0.28 0.05 0.20 1.0067 0.1103 -0.713

Problem Diesel 0.05 0.38 0.J5 0.20 1.6158 0.1103 -0588

Double (RT = 0.95) 0.07 0.20 0.05 0.20 1.5635 0!1103 -0986

Double (RT = 0.975) 0.025 0.20 0.025 0,20 1.4756 0.0869 , -0.548

The corresponding tabular format (analogous to Table 1) for easy use in

implementing these SPRT triggers is given in Tables 2-4 for the remaining

triggers. However, because the double triggers are only used in conjunction with

the combined EDG test data, only the even values of n are required in Tables 3

and 4.

Although the tables are quite similar, a close examination reveals

differences which significantly alter their performance. The performance of these

SPRT triggers relative to the corresponding proposed triggers will now be

illustrated.



4. PERFORMANCE COMPARISONS

In this section we compare the performance of the proposed and SPRT

(sequential) double, problem diesel, and early warning triggers under various

simulated use conditions. In particular, we consider RI values of 0.95, 0.975, and

0.99; two-diesel and single-diesel degradation; step and ramp (gradual)

degradation profiles; and the performance relative to the average unit EDG

r~liability. For convenience, we have included the important paramet~rs in either

the figure caption or on the figures themselves in all of the illustrations referen ~ed

h this section.

In order to compare the performance of both methods, we must choose a

month MS in which the reliability degradation occurs, The performance of neither

trigger procedure significantly depends on the patilcular mor,th in which the

degradation (or shift) occurs; however, the SPRT sometimes does yield slightly

less optimistic results if the shift occurs at month Ms = 1 (which is the startup

month for the SPRT procedure). The reason for this is that insufficient

“smoothing” occurs if MS = 1, whereas if Ms is sufficiently greater than 1, tho

statistical characteristics associated with the recycling feature of the SPRT

“smoothes” the procedure to the extent that the performaf)ce essentially becomes

independent of Ms, This is !Ilustrated in Fig. 5 for a typical SPFtT trigger, Note that

the probabilities for detecting a two-diesel shift to R = 80%, and the corresponding

probabilities of a false alarm, within the first 5 months aftur the shift occurs at

month 1 are slightly below thoso obtained when the shift occurs at either months 4

or 20. In order that the SPRT procedure has had sufficient opportunity for

“smoothing” to occur, in our simulation study we chose to introduce the ED(;



21

degradation arbitrarily at month MS= 20; however, in a few cases we also chose

M~=l.

Figure 6 illustrates the effect of two different values of RI on both double

trigger procedures when RT = 0.975 for detecting a two-diesel shift to the

indicated reliability R, This figure shows the match used to determine the SPRT

parameters. Note that the SPRT false alarm probabilities are sligh!ly less than

those for the proposed double trigger when RI is 0.975. However, even in this

case, the SPRT double trigger has significantly higher probabilities of d~tecting

the indicated degradation in the first 10 months or so after the shift occurs,

Figures 7 and 8 illustrate the comparative resuttsfor detecting a two-diesel

degradation to reliability Ff when RI is 0.975 and 0.99, respectively. The SPRT

procedure outperforms the proposed procedure in early detection of the

degradation, paflicularly when RI Is 0,99. Note that, for large values of R, in the

long run (after a sufficiently large number of months have elapsed after the shift)

the proposed trigger has a higher probability than the SPRT trigger in ultimately

detecting the degradation. However, because we are mainly interested in

increased probabilities of early detection, this result detracts little from the

practical gains associated with the SPRT procedure.

Similarly, Figs. 9 and 10 consider n single-diesel degradation to reliability

R, and, as in the case of two-diesel degradation, the SPRT outperforms the

proposed procedure in early detection of Ihe degradation.

In Fig, 11 we cornparo the p~rforniance for detecting a degradation when

both EDGs degrade to the same reliability level versus the case when the EDGs
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dGgrade to different levels, but with an average (mean) reliability which is

approximately the same as the level to which both EDGs degraded, Although

there are some differences between these two cases for each trigger procedure,

the differences are rather insignificant.

Figure 12 illustrates the effect of two different values of RI on both double

trigger procedures when RT = 0.95 for detecting a two-diesel shift to the indicated

reliability l?. This figure shows the match used to determine the SPRT

parameters. Note that the SPRT false alarm probabilities are somewhat less thari

those for the proposed double trigger when RI is 0.95. The SPRT trigger has

higher probabilities of detecting the shift to R = 0.80 by 10 or 15 months after the

shift occurs regardless of the value of RI.

Figures 13-16 correspond to Figs, 7-10 and similar results are obtained.

Now consider the comparative performance of both the proposed and

alternative SPRT problem diesel triggem. Recall that Fig. 4 illustrates the effect of

two different values of RI on the performance of both trigger procedures when

RT = 0.95 for detecting a two-diesel degradation to R = 0.80 (a significant

degradation) and R -0.95 (a false alarm). Figure 4 thus illustrates the match used

to determine the SPRT problem diesel parameters, thus identifying the SPRT

procedure. The corresponding effect of two difterent values of RI on the

performance of both trigger procedures when RT = 0,975 is illustrated in Fig. 17.
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The comparative performances for detecting two-diesel degradation to

reliability R are shown in Figs. 18-20 for initial reliabilities of 0.95, 0.975, and

099, respectively, while Figs. 21-23 give the same case for single-diesel

degradation. As in the case of the double triggers, the SPRT trigger is observed to

be superior for early detection of the indicated degradation without a significant

increase in the false alarm probabilities.

The only type of EDG degradation considered thus far has been of the

step variety, That is, the degradation to level R immediately occurs at month

MS =20 in the form of a step fllnction. We also consider another pattern of

degradation, which we denote as ramp degradation. By ramp degradation we

mean that the degradation begins month MS at tne RI level and linearly degrades

to level R by some specified period of months later (we consider periods of 3, 6,

12, and 18 months). Thus, ramp degradation models the situation where the

degradation in EDG reliability is gradual and constant from month-to-month, due

to some persistent cause which continually increases in intensity.

Figures 24-26 illustrate the comparative results obtained for detecting

two-diesel degradation to R = 0,80 for L th step and ramp patterns of degradation

for respective RI values of 0,95, 0.975, and 0,99. In all cases the degradation was

assumed to begin stafiing at month 1, In the early months (less than 10 months),

the proposed trigger generally outperforms the SPRT trigger when RI is 0.95,

while the opposite is true as RI increases, When RI is 0.99, the SPRT

performance is excellent relative to the proposed trigger,
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Figure 27 illustrates the effect of two different values of RI on both early

warning trigger procedures when RT = 0.95 for detecting a two-diesel shift to the

indicated reliability R. As before, this figure illustrates the match used to determine

the SPRT early warning parameters, thus identifying the procedure. Again, we

obssrve the rather significant sensitivity of the performance of the proposed

trigger to RI, while the peflormance of the SPRT trigger is less sensitive to this

value.

The performance of both trigger procedures in detecting two-diesel

degradation to reliability R for RI values of 0.95, 0.975, and 0.99 is displayed in

Figs. 28-30, respectively, As in the case of the other triggers, th~ SPRT

significantly outperforms the groposed early warning trigger as RI increases.

Similarly, Figs. 31-33 illustrate the comparative results fcr detecting

single-diesel degradation to reliability R for the same three values of RI. As

before, the SPRT trigger outpedorms the corresponding proposed trigger.
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5. CONCLUSIONS

We have presented an alternative trigger procedure for use in detecting

EDG reliability degradation basedon performance data. This new procedure is

based on the use of the Walu sequential SPRT. These SPRT triggers are just as

easy to use as the proposed triggers. Based on our simulation results, we

conclude that the variable sample-size SPRT triggers (1) are generally more

powerful for rapid detection of EDG reliability degradation than the proposed fixed

sample-size triggers without significantly increasing the false alarm detection

probabilities; and (2) have probabilistic performance characteristics which are less

dependent on the initial EDG reliability value(s) (prior to degradation) than the

proposed triggers. Also, unlike the proposed triggers, the SPRT triggers require

no past data for their initial implementation. They can be implemented beginning

at month 1 using only the EDG test results for that month.

Finally, because of the notion and incorporation of recycling as an integral

part of the SPRT procedure, there is no need to maintain and use long past

histories of EDG test resutts as in the case of the proposed triggers in which as

much as 100 months of past test results may be needed. Thus, the important

question regarding the relevancy of such distant past data in determining the

reliability of today’s diesels becomes moot, As a consequence of this, the SPRT

triggers may be more acceptable to the licensees,

For these reasons, we believe that the SPRT Mggm should be adopted in

the proposed rule change instead of the proposed triggers,
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APPENDIX. SAMPLE COMPUTER CODE OUTPUT



.

RELIABILITY SIMULATION OF TWO EMERGENCY DIESEL GENERATORS
CONSIDERING BOTH FIXED AND “IARIABLESAMPLE SIZE TRTGGERS

DATE: 9/14/92
SECONDS AFTER MIDNIGHT: 30736

STEP DEG~ATIoN FOR BOTH DIESELS - D@uBLE TRIGGER

STEP TO M - 0,80 AT MONTH 20 FOR DIESEL 1
STEP TO ~ = 0,80 AT twiONTH20 FOR DIESEL 2

RUN IDENTIFICATION NUMBER = RUN 233

FIXED SAMPLE-SIZE TRIGGERS
FARLY WARNING TRIGGER: 3/20
PROBLEM DIESEL TRIGGER: 4/25
CONFIRMATORY FAILURE-FREE TESTS: 7
DOUBLE TRIGGER: 5/50 AND 8/100

VARIABLE SAMPLE-SIZE TRIGGER CRITERIA
ALPHA - .070, Po - ,050
BETA - .200, PI - .200

RELIABILITY TARGET - ,550

500 K)NTHS OF TWO-DIESEL TESTS ARE SIMULATED

INITIALIZEDWITH 100 MONTHS OF TESTING AT RELIABILITY .950

200 t4MIMfJ4CONFIRMATORY PROBLEM DIESEL TESTS

EDG RELIABILITY FUNCTIONS
DIESEL 1: .950 PRIOR TO MONTH 20; .FICOTHEREAFTER
DIESEL 2: .950 PRIOR TO MXJTH 20; .800 THEREAFTER

AVERAGE DIESEL RELIABILITY
,950 PRIOR TO MONTH 20;
.80CITHEWTFR

TRIGGER ANUYSES DESIREI)
IX)UBLETRIGGER

DETECTION PROBABILITIES DESIRXD FOR INTERVALS (IN MONTHS):
1 2 1 4 5 6 “79 9 10 11 12 1.314 15 20 25 ‘!03S 4(I4S 5060 ‘)!5100

N’Ut4DEROF MNJ”TECA.kLOREPLT~ATIONS w 10000

SIKJIATIOFIRESULTS

PRCXXJSEDDc)l)FILJ?TRIGGER
M.MZNTS
MEAN: 10,-13
STD DEV: ‘1,0’1
!3KEW’WSS: .(IH4401
KUNTOSIS: 1,14592

QUANTILES
MIN: 1,00
.01: 1,00
,05: 7..00
,10: 1,00
20: 4,00
:!0: f),o(l



, 40: 8,00
,50: 9,00
.60: 11.00

14.00
:;;; 16,00
,90: 20.00
95: 24,00
:99: 32,00
MAX: 52.00

DETECTION PROBABILITIES
1 MONTH: .05
2MONTH: .10
3 FKX4TH: ,15
4 MONTH: .20
5 MONTH: ,26
6 FYXTH: .32
7 ~NTH: ,38
8 MONTH: 44
9 t4X4TH: :50

10 FKXJTH: 56
11 MONTH: :61
12 t4X4TH: 66
13 MONTH: :70
14 MONTH: 74
15 MONTH: :78
20 MONTH: 90
25 EUXTH: :96
30 hK)t’WH: 99
35 F$XTH: 1:00
40 kKX4TH:1,00
45 M34TH: 1,00
50 HXTTH: 1,00
6omNTH: 1,00
75hm’n’ti:1.OO
1.00.h$XJTH:1.00

5PRT DOUBLE TRIGGER
WNTS
MEAN: 10,08
STD DEV: 7.75
Smwmss : 1,76123
KURTOSIS: 4.74519

Q(JANTILES
MIN: 1,00
,01: 1,00
.0s: 2,00
,10: 2,00
20: 4,00
:’30: 5,00
,40: 4,00
.50: 8,00
.bo: 10400
.70: 12,00
.80: 1s,00
90: 20,0(1
:99: 25,00
99: .3”1,00

k: ‘?4,00
l~ETRCTTONPIu)HA141],11’]K!;

1 IWNTH : , 04
2KC)NTH: .11
1 M)N’1”1{: .14
4 ft)rnH: ,22
‘ihmm’ti: .12.



6 t@NTH:
7 cmm’li:
8 t4X41’H:
9 MONTH:
10 MONTH:
11 MONTH:
12 MX4TH:
13 MONTH:
14 tlONTH:
15 t43NTH:
20 I’43NTH:
25 MONTH:
30 t42NTH:
35 MONTH:
40 MONTH:
45 t43NTK:
50 MONTH:
60 FXX4TH:
75 kKX4TH:
100 K)NTH:

.42
49
:52
.57
.~~
.70
.73
75
:70
,82
.91
.95
.99
.99
,99

1,00
1.00
1,00
1,00
1,00

SPRT DOUBLE TRIGGER RECYCLE RE::UI,TS(NO. OF RECYCLES PRIOR TO DETECTION)
mmms
MEAN: 46
STD DEV: :66
SKEWNESS: 1,5342H
KURTOSI S : 3,05742
QUNILES
MIN: s00
,01: ,00
.05: ,00
.10: ,00
20: .00
:30: .00
40: ,00
:50: .00
60: .00
:70: 1,(111
,80: 1.00
.90: 1,00
.95: 2,00
.99: 3,00
MAX: 5.00



TABLE 1

SEQUENTIAL PROBLEM DIESEL TRIGGER

n DR n DR n DR
1

2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33

t
2
2
3
3
3
3
3
3
3
3
3
4
4
4
4
4
4
4
4
4
5
5
5
s
5
5
5
5
5
e
6
e

● 34
●

35
k

36
● 37
●

36
0 39
0 40
0 41
0 42
0 43
0 44
0 45
0 46
0 47
1 48
1 49
1 50
1 51
1 52
1 53
1 54
! 55
1 56
2 57
2 58
2 59
2 00
2 61
2 e2
2 63
2 64
2 05
3 66

6
6
6
6
6
6
7
7
7
7
7
7
/
7
7
8
8
8
8
0
8
8
8
8
9
Q
9
Q
9
9
9
9
9

—— —

3
3
3
3
3
3
3
3
4
4
4
4
4
4
4
4
4
5
5
5
5
s
3
s
5
s
8
8
e
6
6
6
6

67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
64
85
86
07
88
89
90
91
92
93
94
95
06
97
98
90

100

10
if)

10
10
10
10
10
10
10
10
11
11
11
11
11
11
11
11
11
12
12
12
12
12
12
12
12
12
13
13
13
13
13
13—. .

6
8
7
7
7
7
7
7
7
7
7
8
8
8
8
8
8
8
R
a
9
9
9
9
9
0
9
Q
9
9

10
10
10
10—

t Detectlov rqulres at least 2 diesel tests In which both tests are failures
‘ Recycllng requires at least 6 diesel tests In which there are no failures



TABLE 2

SEQUENTIAL EARLY WARNING TRIGGER

n DR n DR n DR
1

2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33

*
T
2
2
2
2
2
2
2
2
3
3
3
3
3
3
3
3
3
4
4
4
4
4
4
4
4
4
s
5
5
5
5
5

●

●

o
0
0
0
0
0
0
0
0
1

1
1

1

1

1

1

1

1

2
2
2
2
2
2
2
2
2

34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
50
57
58
59
60
61
62
u
64
65
66

5
5
5
6
6
6
6
6
6
6
6
6
7
7
7
7
7
7
7
7
7
8
8
8
(i
8
8
8
0
8
9
9
9

3
3
3
3
3
3
3
3
3
4
4
4
4
4
4
4
4
4
5
5
5
5
s
5
5
5
5
6
6
d
6
e
6

67
68
69
70
7’
72
73
74
75
]a
77
78
79
80
81
82
83
84
85
86
87
08
89
90
91
92
93
94
95
96
97
98
9!3

9
9
3
9
9
9

10
10
10
10
10
10
10
10
10
11
11
11
11
11
11
11
11
11
12
12
12
12
12
12
12
12
12

6
6
6
7
7
7
7
7
7
7
7
7
8
8
8
8
8
8
8
8
8
8
9
9
9
9
9
9
9
9
9

10
10

100 13 10

t DetectIon rqulres at least 2 diesel tests In which both tests are failures
“ Recycllng requlm at Ieqst 7 diesel tests in which there are no Mlures



TABLE 3

SEQUENTIAL DOUBLE TRIGGER (TARGET RELIABILITY = 95°/0)

n DR n DR n G R
1

2
3
4
5
6
7
8
9

10
11
12
13
14
15
10
17
18
19
20
21
22
23
24
25
26
27
~fl

29
30
31
32
33

—.. — —

t
2
2
3
3
3
3
3
3
3
3
3
3
4
4
4
4
4
4
4
4
4
s
5
5
5
5
5
5
5
5
6
e

—.

● 34
●

35
●

36
●

37
●

38
●

39
● 40
● 41
0 42
0 43
0 44
0 45
0 46
0 47
0 48
0 49
0 50
0 51
1 52
1 53
1 54
1 55
1 56
1 57
1 58
1 59
1 60
2 61
2 62
2 63
2 M
2 05
2 66

—— .. —..

6
6
6
6
6
6
6
7
7
7
7
7
7
7
7
7
8
8
8
6
0
8
8
8
a
9
9
9
9
9
9
9
9

——.

2 67
2 68
2 69
3 70
3 71
3 72
3 73
3 74
3 75
3 76
3 77
3 78
4 79
4 80
4 81
4 82
4 63
4 84
4 85
4 86
4 87
5 88
5 89
5 90
5 91

5 92
5 93
5 94
5 95
5 96
6 97
6 98
6 99

100

9
10
10
10
10
10
10
10
10
10
11
11
11
11
11
!1
11
11
11
12
12
12
12
12
12
12
12
12
13
13
13
13
13
13

6
6
6
6
6
6
7
7
7
7
7
7
7
7
7
8
8
8
8
8
8
8
8
8
9
9
9
9
9
9
9
9
9

10-—.-.—..——-

t Detection requlm at least 2 diesel tests in which both tests are failures
“ Recycling requires at least 9 diesel tests In which there are no failures



TABLE 4

SEQUENTIAL DOUBLE TRIGGER (TARGET RELIABILITY = 97.5%)

n DR n DR n OR
1

2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
2s
26
27
28
29
30
31
32
33

.
t
2
2
2
2
2
3
3
3
3
3
3
3
3
3
3
3
4
4
4
4
4
4
4
4
4
4
4
4
5
5
5
6

o
0
0
0
0
0
0
0
0
0
0
1

1

1

1

1

1
1
1
1
1
1
1
2
2
2
2

34
35
36
37
36
39
40
41
42
43
44
45
46
47
4a
49
50
51
52
53
54
55
56
57
58
59
60
61
62
83
64
65
66

5
5
5
5
5
5
5
6
6
6
e
6
6
6
9
6
6
6
6
7
7
7
7
7
7
7
7
7
7
7
8
8
8

2
2
2
2
2
2
2
3
3
3
3
3
3
3
3
3
3
3
3
4
4
4
4
4
4
4
4
4
4
4
s
5
5

67
68
69
70
7“1
72
73
74
75
76
77
78
79
80
81
82
83
84
8s
86
87
88
89
90
91
92
93
04
95
96
97
98
99

8
8
8
8
8
8
8
8
8
9
9
9
9
9
9
9
9
9
9
9

10
10
10
10
10
10
10
10
10
10
10
10
11
11

5
5
5
5
5
5
5
5
5
6
6
6
6
6
0
6
6
e
6
6
7
7
7
7
7
7
7
7
7
7
7
7
8
2

1 Detection requires at least 2 diesel tests in which both tests are failures
“ Recycllng requires at least 7 diesel tests in which there are no failures



Figure 1

Comparative Performance Of Both SAIC and LANL For Detecting A
Singl~Diesel Degradation To Reliability R
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The Effect Of Initial Reliability
Double (5/50 and WI 00)

Degradation

Figure 2
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The Effect Of Initial Reliability On The Performance Of The Proposed
Problem Diesel (4/25) and Wald Sequential Wggers For Det&ting

A Two-Diesel Shift To Reliability R At Month 20
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mgure 3

Performance Of The Wald Sequential Trig er In Detecting a
fTwo-Diesel Shift To Reliability R As A unction Of The

Month In Which The Shift Occurs
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The Effect Of Initial Reliability On The Performance Of The ProDosed

0
it

Double (4/50 and 5/100) and Wald Sequential Tri gers Fo~
%Detecting A TweDiesel Shift To Reliability R At onth 20
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Comparative Performance Of Both The Proposed Double (5/50 and 8/100)
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Figure 16

Comparative Performance Of Both The Proposed Double (5/50 and 8/100)
and Wald Sequential Triggers Fcr Detecting A Single-Diesel Shiit “

To Reliability R At Month 20 (Initial Reliability ❑ 9996)
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The Effect Of Initial Reliability On The Performance Of The Proposed
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Figure 19

Com~arative Performance Of Both The Proposed Problem Diesel (4/25)
and Waid Sequential Triggers For Detecting A Two-Diesel Shifi -

To Reliability R At Month 20 (Initial Reliability = 97.59’io)
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Comparative Performance Of Both The Proposed Problem Diesel (4/25)
and Wald Sequential Triggers For Detecting A Two-Diesel Shift
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Comparative Performance Of Both The Proposed Problem Diesel (4/25) and
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The Hfect Of Initial Reliability On The Performance Of The Proposed
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Comparative Performance Of Both The Proposed Early Warning (3/20)
and Wald Sequential Triggers For Detecting A Two-Diesel Shift

To Reliability R At Month 20 (Initial Reliability = 959&)
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Figure 30

Comparative Performance Of Both The Proposed Early Warning (3/20)
and Wald Sequential Triggers For Detecting A Two-Diesel Shift

To Reliability R At Month 2G (Initial Reliability = 99Yo)
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Comparative Performance Of Both The Proposed Early Warning (3/20)
and Wald Sequential Triggers For Detecting A Single-Diesel Shift

To Reliability R At Month 20 (Initial Reliability = 959&)
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Comparative Performance C)f Both The Proposed Early Warning (3/20)
and Wald sequential Triggers For Detecting A Single-Diesel Shift
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